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Enzymatic hydrolysis of poly(ethylene terephthalate) (PET) is a chemical recycling approach intended to
enable a circular economy for polyesters. To quantitatively compare this technology to other recycling
and synthesis approaches for PET, it is critical to conduct rigorous and transparent process analyses. We
recently reported a detailed process model that was used to conduct economic, energy, and greenhouse
gas emissions analyses for enzymatic PET recycling. Here, we expand upon this previous work by con-
ducting a process-based life cycle assessment (LCA) of the same enzymatic hydrolysis system, to produce
both terephthalic acid (TPA) and ethylene glycol (EG) for use in a closed-loop PET recycling scheme. This
LCA shows that enzymatic hydrolysis currently performs 1.2 to 17 times worse than virgin TPA and PET
production across most impact categories, excepting ecotoxicity and fossil fuel depletion. The top contri-
butors to these impacts include post-consumer PET collection and processing, sodium hydroxide, and
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electricity. Sensitivity analysis shows that improving yields throughout the recycling process and eliminat-
ing certain process steps, such as amorphization pre-treatment and reaction pH control, can reduce the
overall environmental impacts of enzymatic PET recycling to levels statistically equivalent to virgin TPA
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Introduction

Enzymatic hydrolysis of poly(ethylene terephthalate) (PET) is
one of several strategies being pursued to increase recycling
rates of this ubiquitous polyester, which has many appli-
cations including single-use beverage bottles, carpets, textiles,
and food packaging."® The basis of enzymatic PET recycling is
the use of hydrolytic enzymes to cleave the ester linkages in
PET, ultimately producing the constituent monomers ter-
ephthalic acid (TPA) and ethylene glycol (EG). The develop-
ment of enzymatic hydrolysis approaches capable of complete
PET conversion has been accelerated by recent reports on the
discovery, engineering, and evolution of thermophilic hydro-
lase enzymes, including the leaf compost cutinase (LCC),
PHL7, several enzymes from the genus Thermobifida, and the
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and PET production, thereby highlighting crucial areas for further research and innovation.

PETase enzyme from Ideonella sakaiensis.””>* Enzymatic hydro-

lysis has the potential to complement existing mechanical re-
cycling processes by using undesirable contaminated or
colored PET feedstocks to produce high-quality plastic.*

To understand the critical drivers for realizing enzymatic
PET recycling at scale, we recently reported a process model
and techno-economic analysis (TEA).>> The model first treated
PET flake by extrusion and cryo-grinding to produce amor-
phous PET powder from post-consumer waste, which was sub-
sequently enzymatically depolymerized according to the con-
ditions demonstrated by Tournier et al. in 2020."° The recycled
monomers r'TPA and rEG were recovered by downstream pro-
cessing including crystallization at low pH (rTPA), precipitation
(generating a sodium sulfate co-product), and distillation
(rEG). The process economics in the base case predicted a
minimum selling price (MSP) for rTPA of $1.93 kg™', which
was dominated by feedstock cost (assuming a PET flake price
of $0.66 kg " (ref. 23 and 24)). We next employed the Materials
Flows through Industry (MFI) tool®® to estimate the process
energy and greenhouse gas (GHG) emissions for the enzymatic
process in comparison to virgin TPA (vIPA), vEG, and vPET
manufacturing.”® The base case results indicated that enzy-
matic hydrolysis enables up to an 83% reduction in energy use
and up to a 43% reduction in GHG emissions relative to vIPA.
We also used the Bio-based carbon economy Environmentally-
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extended Input-Output Model (BEIOM), which examines life
cycle and socio-economic impacts on a U.S. economy-wide
basis.>” This work demonstrated that enzymatic PET recycling
has the potential to improve nearly every assessed socio-econ-
omic and life cycle impact category, with the exception of a
3-fold increase in water use. Overall, our previous work high-
lighted key cost, energy, and GHG emissions drivers to guide
researchers towards the development of less energy intensive
pre-treatments and separations processes as well as identifi-
cation and engineering of enzymes able to digest crystalline
PET, and away from less critical factors such as depolymeriza-
tion residence time and enzyme cost.

While this prior assessment was comprehensive, it used
somewhat disjointed datasets, scales, and system boundaries,
and lacked a high resolution, process-based life cycle assess-
ment (LCA) directly linked to the TEA model. Here, we utilize
SimaPro software, ecoinvent 3.3 background data, and the
Tool for the Reduction and Assessment of Chemical and
other environmental Impacts (TRACI) and Available WAter
REmaining (AWARE) methods to conduct an LCA of enzymatic
PET recycling. We include two systems: cradle-to-gate rTPA
from PET waste collection to rTPA recovery (functional unit of
1 kg TPA) and cradle-to-grave rPET that includes the initial
VPET production through to rPET repolymerization and reuse,
all normalized across the multiple potential lifetimes of the re-
recyclable material (functional unit of 1 kg PET, Fig. 1). We
assess a full suite of life cycle impacts for both systems, ident-
ify the top process contributors in each category, and compare
the results to those for vTPA and vPET manufacturing (func-
tional units of 1 kg TPA and PET, respectively). We sub-
sequently perform sensitivity analysis on various aspects of the
enzymatic process, including PET pre-treatment, depolymeri-
zation, and the product recovery steps, as well as plant size
and electricity sources. The LCA shows that enzymatic PET re-
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cycling as modeled exhibits environmental impacts higher
than the virgin polymer, but that there are several areas for
potential improvement and innovation.

Methods

Scope

The LCA utilizes an enzymatic PET hydrolysis process model
that was developed in Aspen Plus for our previous study
(Fig. S11).>> Some key assumptions for the base case are as
follows: the recycling facility is modeled at a scale of
150 metric tons per day (tpd) and utilizes clean PET flakes con-
taining ~30% colored flakes and 5% contamination. After
mechanical pre-treatment by extrusion and cryo-grinding, the
resulting lower crystallinity PET powder is fed into a reactor at
PH 8 and 60 °C with a solids loading of 15% and an enzyme
loading of 5 mg gper ' and allowed to reach 90% depolymeri-
zation to rTPA and rEG. Subsequently, 90% of rTPA (purity
>98%) is captured by acidic precipitation, crystallization, and
drying, whereas 50% of rEG (purity 99%) is recovered through
membrane concentration and distillation, with sodium sulfate
(Na,S0,) as a side product. Both Na,SO, and rEG were con-
sidered co-products and therefore reduce impacts via negative
credits.

The LCA reported here incorporates additional process
steps for two different system boundaries (Fig. 1). For compari-
son between rTPA and vIPA (blue and black arrows in Fig. 1,
respectively), the existing enzymatic hydrolysis model was
coupled with life cycle inventories for PET waste collection,
sorting to bales, and initial shredding to flakes (Tables S1-S31).>®

For comparison between rPET and vPET (orange and gray
arrows in Fig. 1, respectively), the system was further extended
to include the repolymerization of the enzymatically recycled
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Fig. 1 Overview of the life cycle assessment (LCA) system boundaries for enzymatically recycled terephthalic acid (rTPA), ethylene glycol (rEG), and
poly(ethylene terephthalate) (rPET), as well as for the corresponding virgin materials (vTPA, VEG, and vPET). rTPA and rEG systems include postcon-
sumer PET collection, sorting, shredding to flake, mechanical pre-treatment, enzymatic hydrolysis, and monomer recovery. vTPA and vEG systems
include the production of fossil fuel feedstocks and their conversion into the corresponding monomers. The rPET system includes all steps of the
life cycle, while vPET considers feedstock production through to plastic disposal (with no impacts assumed for the use phase in both cases). Material
losses from various steps are denoted with black dashed lines and are estimated based on literature values, as described in the Methods section.
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monomers to rPET and processing of rPET into bottles. In this
case, only Na,SO, was treated as a co-product since rEG was
utilized to repolymerize rPET. Normalized life cycle impacts
for the entire rPET system - including production of the orig-
inal PET feedstock - over multiple lifetimes were calculated
according to a system expansion approach.?® First, the number
of product lifetimes (L) that can be obtained from rPET were
calculated with eqn (1):

=, (ab\" c ab
Z(c) c—ab" M )

n=0

where: a = mass yield of the enzymatic process (including rTPA
and rEG yields), b = mass yield of pre-enzymatic steps includ-
ing PET collection, sorting, and flaking, ¢ = mass ratio of rTPA
and rEG contained in 1 kg of secondary rPET, and n = number
of recycling cycles. For the base case, a = 0.677 (incorporates
95% mechanical pre-treatment yield, 90% depolymerization of
PET to rTPA and rEG, 90% rTPA recovery, and 50% rEG recov-
ery), b = 0.837 (90% sorting yield and 93% bale-to-flake yield),
and ¢ = 0.879 (assumes 100% of TPA for rPET repolymerization
comes from rTPA, but that only 56% of EG comes from rEG due
to its lower yield in the enzymatic process), for a total of L =
2.81. The material flows of TPA and EG throughout these PET
production, collection, sorting, and enzymatic hydrolysis steps
are shown in the Sankey diagram in Fig. S2.1 Note that b does
not currently include losses from the collection phase (collec-
tion yields of PET are estimated to be ~30% in the United
States®®); incorporating this factor significantly changes L and
thus the normalized environmental impacts (Fig. S37).

The normalized impact of the entire system (X;) for impact
category i was subsequently calculated with eqn (2):

= Xt (L—1)xc; 2)
' L

where: x,; = impacts of one unit of VPET production. x.; =
impacts of one unit of rPET from the enzymatic hydrolysis
process. The resulting value was then compared to the impact
from one unit of vPET production and disposal.

The following assumptions were made for the additional
process steps. VPET and rPET polymerization proceeds at a
yield of 99%,”" and the resulting material is manufactured
into bottles by stretch blow molding. For comparison, scen-
arios in which vPET and rPET are manufactured into fibers,
solid resins, and film according to American®*® and global®"
average consumption percentages were also calculated
(Fig. S4t). It is assumed that rPET has the same material
quality as vPET?? and thus can be directly substituted into the
manufacturing stream. After post-consumer PET collection
(Table S1t), the material is sorted into bales with an initial
mass loss of 10% (Table S21).>® The resulting bale contains
88.5 wt% PET (the average of American Grade A and Grade B
bale qualities®®), and is washed and shredded to flake (7%
mass loss to obtain 95% purity, Table S3t). Any solid waste
generated during enzymatic hydrolysis or other process steps
is landfilled (80%) or incinerated for energy recovery (20%,

This journal is © The Royal Society of Chemistry 2022
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credits given for electricity generation according to the 2016 U.
S. grid mix), which is the ratio for plastics disposal in 2018
reported by the U.S. Environmental Protection Agency.>* Waste
management decisions can have a significant impact on
overall LCA results; switching from an 80/20 landfill/incinera-
tion ratio to 100% incineration or 100% landfill would change
impacts by up to +30% and —5%, respectively.

LCA

Ecoinvent version 3.3 was used to supply most life cycle inven-
tories (allocation, cut-off by classification - unit).*® U.S.
specific inventories were utilized when available, with global
data as a stand-in. Additional inventories were obtained from
the literature and are available in the ESIL,1 including PET col-
lection (Table S17),%® sorting (Table $21)*® and processing into
flake (Table $31)*® - which were adapted to meet the 95% PET
flake purity assumption - as well as enzymatic hydrolysis
(Tables S4 and $51)** and PET hydrolase enzyme production
(Table S6t).%°

The LCA was conducted using SimaPro software and the
TRACI 2.1 U.S. 2008*” and AWARE*® methods. TRACI is a U.S.
oriented method that uses a midpoint approach to quantify
acidification (kg sulfur dioxide equivalent, or kg SO, eq.), car-
cinogenics (comparative toxic unit for human, CTUh), ecotoxi-
city (comparative toxic unit for aquatic ecotoxicity, CTUe),
eutrophication (kg nitrogen eq., kg N eq.), fossil fuel depletion
(MJ surplus energy), global warming (kg carbon dioxide eq., kg
CO, eq.), non-carcinogenics (CTUh), ozone depletion (kg tri-
chloro-fluoromethane eq., kg CFC-11 eq.), particulates
exposure (kg fine particulate matter eq., kg PM2.5 eq.), and
smog (kg ozone eq., kg O3 eq.). AWARE is a midpoint method
for determining water use (m®) and incorporates the potential
for water depletion averaged over one year (the inverse of water
availability minus water demand). While many of these
metrics were previously assessed using the BEIOM model,*?
the resulting data provided economy-wide information rather
than the process-specific LCA results reported here.
Environmental impacts calculated by the ReCiPe method for
base case enzymatic hydrolysis, which include additional
metrics such as mineral resource scarcity, land use, and ioniz-
ing radiation, are available in Table S7.}

Sensitivity cases, which include variations in process design
and assumptions, are depicted using combined scores. These
scores were calculated by first normalizing all impact cat-
egories against the corresponding base case impact categories.
The normalized impacts were then summed with equal weight-
ings to obtain the natural environment (acidification, ecotoxi-
city, eutrophication, global warming, and ozone depletion),
natural resources (fossil fuel depletion and water use), and
human health (carcinogenics, non-carcinogenics, particulates
exposure, and smog) scores. The data for individual impacts
related to these sensitivity analyses are available in the ESL.}

Uncertainty analysis

The uncertainty of the enzymatic hydrolysis inventory was esti-
mated using a semi-quantitative pedigree approach.* This

Green Chem., 2022, 24, 6531-6543 | 6533
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method is relatively common in the LCA field and is crucial
for verifying the reliability (or unreliability) of point esti-
mates.>® Each item in the life cycle inventory was given
reliability, completeness, temporal correlation, geographical
correlation, and further technological correlation scores (scale
of 1-5), according to the rubric in Table S8.f Low scores indi-
cate higher technology readiness levels and lower data uncer-
tainty. The sum of these scores was assigned a certain varia-
bility, the range of which was set to encompass known uncer-
tainties around process yield; from a literature survey,'®>*%!
we estimate that the average material mass yield from enzy-
matic hydrolysis is 0.77 + 0.11, meaning standard deviation, o,
is £14%. Scores of 5 to 9 were varied by +5%, 10 to 14 by
+10%, 15 to 19 by +15%, 20 to 24 by +20%, and 25 by +25%.
Material and energy flows fall within the +15% category, while
process emissions have a conservative +20% (Table S87). These
variabilities determine the low and high values of symmetric
triangular distributions for each inventory item. The uncer-
tainties of background processes were provided according to
log-normal distributions in the ecoinvent database. Using
these distributions, a Monte Carlo analysis was performed
with 1000 iterations for each case study, giving mean and stan-
dard deviation values.

Error propagation for adding/subtracting or multiplying/
dividing values was calculated with eqn (3) and (4),
respectively.

50 = \/(8a)” + (8B + ... + (62)° 3)

50 sa\> (6b\> 57\ 2

=== =) +...+(= 4

SEE) @ e
where a, b, and z are the input values, Q is their sum or multi-

plied/divided value, and éa, b, 6z, and 6Q are their corres-
ponding uncertainties.

Base design case results

Fig. 2A depicts the base design case LCA results for enzymati-
cally recycled rTPA compared to vIPA production (Table S9t).
I'TPA has 3-17x higher impacts than virgin production in most
categories, excepting fossil fuel depletion (which is 1.4x lower
than vTPA production). Impacts are even higher when assessed
from the perspective of rEG (with rTPA treated as a co-product
with negative credits) due to the lower quantity of generated
rEG and lower baseline impacts associated with vEG (Fig. S5
and Table S10t). However, several categories have overlapping
error bars that prevent ranking, particularly carcinogenics,
non-carcinogenics, and water use. The majority of this error
originates from uncertainty in background data rather than
the foreground enzymatic process inventory. Water use has a
particularly high standard deviation, which can be attributed
to uncertainty associated with precipitation (and therefore
water availability) and variations between hydrological
models.**
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To determine the origin of the life cycle impacts for rTPA,
Fig. 2B shows the normalized contributions of various process
components to the overall impacts of enzymatic hydrolysis
(Table S11t). High impact components include sodium
hydroxide (NaOH), which is the first or second highest contri-
butor to eight metrics (11-57% of totals), collection and shred-
ding of post-consumer PET to produce flake, which is the first
or second highest contributor to seven metrics (18-40% of
totals), and electricity, which is the first or second highest con-
tributor to four metrics (24-40% of totals). NaOH is produced
by chlor-alkali electrolysis, an electricity-intensive process that
releases CO, and chlorine airborne emissions. It is used in the
enzymatic process for pH control (0.55 kg kg~ " r'TPA), resulting
in correspondingly high contributions to the LCA. The impacts
of PET flake are related to electricity and natural gas use to
power the shredding process, as well as transportation for col-
lection and movement between the material recovery facility
(MRF), flake production facility, and enzymatic PET recycling
plant (this category does not include impacts associated vPET
manufacturing). PET flake has a particularly high effect on the
r'TPA LCA since 1.6 kg of flake is required to produce 1 kg of
r'TPA due to losses throughout the enzymatic recycling process.
For electricity, we assumed a 2016 U.S. grid mix, with most
environmental impacts associated with coal- and natural gas-
based generation routes (63% of total electricity production®?).
Enzymatic hydrolysis consumes 1.76 kW h electricity per kg
I'TPA, the majority of which originates from mechanical pre-
treatment to convert the PET flake feedstock into powder.

Additional contributors include water use in the form of
cooling water (78%) and sulfuric acid (H,SO,4, 4%). Waste dis-
posal of unconverted plastic and other process losses consti-
tute the second highest contribution to ecotoxicity (24%) and
the third highest to non-carcinogenics (12%), while steam
(assumed to be generated from natural gas) is the second
highest contributor to fossil fuel depletion at 20%. The
remaining process components - including enzymes, activated
carbon, process water, capital construction, and wastewater
treatment — account for less than 10% of all assessed impact
categories. These results contrast markedly with the trends
observed in TEA, where PET flake was similarly a top contribu-
tor to MSP (47%) but NaOH accounted for only 4.0% and elec-
tricity for 3.6%.?> MFI analysis identified impactful com-
ponents similar to those in the current LCA, with a particular
emphasis on electricity use.”> These results highlight the
necessity of holistic analysis to identify process trade-offs and
opportunities for innovation.

Fig. 2C expands the system boundaries to explore the LCA
impacts of rPET produced from enzymatic hydrolysis as well as
of VPET production (Tables S12-5141). As depicted in Fig. 1
(orange arrows), the rPET system includes the original PET
production stages, all collection, sorting, and enzymatic hydro-
lysis steps specified for the rTPA system, and repolymerization
and reprocessing of the rTPA and rEG into rPET bottles. The
overall impacts of this rPET system are normalized over the
number of lifetimes (L) obtainable through the enzymatic
hydrolysis process, as calculated with eqn (1) in the Methods

This journal is © The Royal Society of Chemistry 2022
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Fig. 2

(A) Life cycle impacts of rTPA (blue) and VTPA (orange). (B) Contribution of different recycling process components to the environmental

impacts of rTPA. (C) Life cycle impacts of rPET (blue) and vPET (orange). The rPET values are lifetime normalized according to the procedure
described in the Methods section. (D) Contribution of different recycling process components to the environmental impacts of rPET. Some impact
categories in (A) and (C) are multiplied by a conversion factor listed on the left sides of the graphs for visual clarity. The lowest values for each

impact category are labelled. Corresponding data are available in Tables S9, S11, S14, and S16.7}

section; L for this base case is set as 2.81 (Table S15%). This
value is lower than that used in our previous analysis (L =
3.6),>> as we have now incorporated losses from the sorting
and flaking process (16.3% PET mass loss). A complete cradle-
to-grave approach was used as the vPET baseline and includes
impacts from monomer production, polymerization, stretch
blow molding into bottles, collection, and disposal by landfill
(80%) and incineration (20%); use phase impacts are not con-
sidered. This system expansion method is crucial for fairly
assessing closed-loop recycling technologies in which the
polymer can be reused multiple times.

For most metrics, our results show that rPET has life cycle
impacts 1.2-3.0x higher than vPET, excepting lower ecotoxicity
(—6%) and fossil fuel depletion (—15%). However, these point
estimate differences are in many cases obscured by the error
bars, indicating that rPET and vPET have statistically similar
environmental impacts. This overlap is larger than the pre-
viously assessed rTPA and vIPA, which can be attributed to
the different system boundaries. The impacts of VPET are

This journal is © The Royal Society of Chemistry 2022

dominated by polymerization (top contributor to 7 metrics,
accounting for 49-84% of total), with fossil feedstocks for
vIPA and vEG monomer production having the highest
environmental impacts of this phase. Disposal of VPET waste
only contributes significantly to ecotoxicity and eutrophication
at 60% and 37% of their totals, respectively. The narrowing of
the impacts gap between rPET and VvPET can therefore be
primarily attributed to a reduction in virgin monomer
demand, rather than diversion of waste PET from landfill or
incineration.

Fig. 2D showcases the top contributors to the rPET life
cycle (Table S161). These include enzymatic hydrolysis to
produce rTPA and rEG (top contributor to 10 metrics, account-
ing for 31-73% of totals), the initial vPET lifetime (first- or
second-highest contributor to 6 metrics, 18-41% of totals),
and post-consumer PET collection, sorting, and shredding to
flake (encompassed by the “PET flake” label, second-highest
contributor to 5 metrics, 22-38% of total). The remaining
steps combined - repolymerization of r'TPA and rEG into rPET,

Green Chem., 2022, 24, 6531-6543 | 6535
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additional VEG for the repolymerization step, processing of the
rPET into bottles, and transportation - account for less than
30% of all life cycle impacts. The impacts of the enzymatic
hydrolysis phase are linked to the process components dis-
cussed in Fig. 2B, while those of the original vPET production
stage can be largely attributed to fossil feedstocks for
monomer production as well as electricity use for stretch blow
molding of VPET into bottles. Opportunities for advancing the
enzymatic hydrolysis process by addressing some of these key
environmental contribution areas will be discussed in the
Research recommendations section.

Comparison to previous work

Considering global warming impact as a case study, the LCA
results (r'TPA impacts 2.3x higher than vTPA) differ from those
we previously reported with the MFI tool (rTPA impacts 17%
lower than vIPA).”> Environmental impacts are typically higher
in LCA than MFI due to its broader scope (such as the incor-
poration of waste streams and emissions), but this cannot
account for the observed change in the overall trend between
r'TPA and vTPA. We have identified several reasons for this dis-
crepancy. First, GHG emissions from PET flake production are
higher in LCA (0.67 kg CO, eq. per kg) than MFI (0.38 kg CO,
eq. per kg) due to the incorporation of the collection and
sorting phases (22.6% of the LCA GHG impact of PET flake)
and waste disposal (1.8%), which are not included in MFI (see
Fig. S61 for system boundaries). Including these post-consu-
mer PET processing steps are crucial for a fair comparison
between rTPA/rPET and vIPA/VPET, as waste collection for re-
cycling is akin to fossil fuel extraction for virgin polymer pro-
duction. While there are differences in GHG emissions
from other process components - NaOH, Na,SO,4, H,SO,, EG,
process water, and steam (Table S171) - they mostly negate
one another overall, leaving the PET flake production process
as the main outlier. Second, the MFI tool does not consider
emissions associated with the disposal of waste streams. Given
that the enzymatic process generates ~5 kg of wastewater and
~0.3 kg of solid waste per kg rTPA (versus ~0.006 kg solid
waste per kg vTPA, according to ecoinvent data), this accounts
for a 3.9% contribution to global warming potential in the
LCA. These emissions are primarily associated with transpor-
tation and processing of the waste, rather than its decompo-
sition. Lastly, the baseline GHG emissions associated with
VIPA are lower in LCA (1.88 kg CO, eq. per kg) than MFI
(3.27 kg CO, eq. per kg), likely due to the use of global average
data in the LCA tool (U.S. vTPA inventory was unavailable) rela-
tive to the U.S. industry-specific data in MFI. The combination
of higher PET flake impacts and lower vITPA impacts leads to a
switching of the results observed in MFI (rTPA better than
vIPA) to those reported here (VIPA better than rTPA).
Adjusting the LCA parameters for these discrepancies yields a
global warming result in which rTPA emits 7% fewer green-
house gases than vIPA, which approaches the 17% reported
previously with MFI. There is therefore a core consistency
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between the LCA and MFI methods, but any changes in system
boundaries, background data, and assumptions results in sig-
nificantly different conclusions.

Our previous analysis with BEIOM, which was used to scale
the TEA model to a US economy-wide industry, resulted in
lower environmental impacts in the acidification, ecotoxicity,
eutrophication, carcinogenics and non-carcinogenics, ozone
depletion, particulates exposure and smog formation cat-
egories for rTPA in comparison to vITPA.*> The focus of BEIOM
is on economy-wide effects rather than process-specific model-
ling, and three key areas of discrepancy were identified
between the environmentally-extended input-output analysis
and this LCA. First is the PET feedstock: BEIOM only included
sorting of post-consumer PET at a MRF, not its collection and
shredding to flake. PET feedstock therefore contributes
between 0.1-7% to the assessed impact categories for rTPA in
BEIOM, in contrast to the 18-40% seen in this LCA analysis.
Second, BEIOM applies a substitution method for co-products
(rEG and Na,SO,) and assesses their replacement credit via
economic value. Lastly, contributions from electricity and the
remaining enzymatic hydrolysis supply chain are slightly lower
in BEIOM than LCA due to different background data (e.g,
2012 U.S. grid mix used in BEIOM versus 2016 in LCA) and
system boundaries. Comparison between LCA and BEIOM also
highlights the possibility that environmental impacts that may
be high at a single plant scale could be reduced at an
economy-wide scale in which further material and process
substitutions and tradeoffs are incorporated.

Sensitivity analysis

Having established the base case results for rTPA and rPET
and determined the top process contributors to their life cycle
impacts, we next assessed a series of univariate sensitivity
cases to identify key future areas for innovation. These sensi-
tivity cases were previously developed for the TEA** and inves-
tigate optimistic and pessimistic scenarios for different steps
of the enzymatic hydrolysis process, including feedstock pre-
treatment (post-consumer sorting/flaking yield, PET content
in the incoming flake), depolymerization reactor conditions
(PET and enzyme loadings, pH, temperature, residence time,
and depolymerization extent), product purification (rTPA and
rEG recovery), and plant size (Table S187).

The results are given as combined life cycle impact scores:
natural environment incorporates acidification, ecotoxicity,
eutrophication, global warming, and ozone depletion; natural
resources include fossil fuel depletion and water use; and
human health combines carcinogenics, non-carcinogenics, par-
ticulates, and smog (equal weightings, as described in the
Methods section). The tornado plots in Fig. 3 and 4 show the
effect of different sensitivity cases on these scores, with our
previous economic results included in Fig. 3D for comparison.
The black vertical lines in these figures indicate the base case
results (5 for natural environment, 2 for natural resources, 4
for human health, and $1.93 for MSP), the blue and orange

This journal is © The Royal Society of Chemistry 2022
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(A—C) Sensitivity analysis on the overall life cycle impact scores of rTPA. (D) Techno-economic sensitivity analysis for rTPA; data reproduced

from our previous work.?? Blue and orange represent the optimistic and pessimistic cases, respectively, while the gray dashed lines and transparent
gray overlay indicate the virgin material (vTPA) impact or price and their standard deviations for comparison. The numbers listed in parentheses on
the y-axis correspond to the left (blue), middle (black) and right (orange) points of the graph. See the ESI for corresponding data (Table S19+) and

non-aggregated data (Table S97).

bars correspond to the optimistic and pessimistic sensitivity
cases, respectively, as defined in the y-axis labels, the dashed
gray vertical lines give the virgin material value for compari-
son, and the transparent gray overlay indicates the uncertainty
of those virgin material values. Non-aggregated results show-
casing the effect of each sensitivity case on acidification, carci-
nogenics, ecotoxicity, eutrophication, fossil fuel depletion,
global warming, non-carcinogenics, ozone depletion, particu-
lates, smog, and water use are available in Tables S9 and S14.}

For the rTPA system (Fig. 3, Tables S9 and S197%), the opti-
mistic cases with impact scores closest to VITPA are 20% solids
loading, 99% depolymerization extent, 99% yields from the
sorting and flaking process, 98% rTPA recovery, 99% PET
content, 300 tpd plant size, and 65% rEG recovery. High solids
loading significantly reduces several impactful utilities, includ-
ing steam consumption (from 4.03 to 2.32 kg kg.rps ') and
cooling, process, and chiller water, and slightly increases
Na,SO, recovery. In contrast, a smaller plant size suffers from
less efficient utility usage. The effects of the depolymerization
extent, 'TPA recovery, PET content, rEG recovery, and sorting
yield scenarios are primarily linked to changes in overall
product yield and waste generation. Changes in enzyme
loading, pH, temperature, and residence time have minimal

This journal is © The Royal Society of Chemistry 2022

effects. These results correlate well with the TEA sensitivity
analysis, with residence time and enzyme loading as the only
outliers (Fig. 3D).>* There are several trade-offs between the
environmental impacts and MSP; for instance, choosing to
increase enzyme loading given its minimal effect on environ-
mental impacts (but potential enhancement of depolymeriza-
tion rates) could result in a cost increase from $1.93 kgyrpa "
to $2.04 kg.rpa~'. In general, the different sensitivity cases
bring rTPA impacts within a statistically equivalent range to
those of vIPA for the natural resources category, which can be
attributed to the low fossil fuel depletion of rTPA in compari-
son to vIPA. However, the natural environment and human
health scores for rTPA remain significantly (and statistically)
higher than those of the virgin material. MSP is similarly
higher for rTPA than vTPA across all sensitivity cases, although
previous work showed that lower PET flake feedstock costs
could enable cost competitiveness.>?

The sensitivity analysis of the rPET system shows similar
trends (Fig. 4, Tables S14, S15 and S20f). As expected, the
overall spreads of the optimistic and pessimistic cases are
smaller than for rTPA since enzymatic hydrolysis accounts for
only one step of several across the rPET life cycle. High solids
loading brings the natural environment and human health

Green Chem., 2022, 24, 6531-6543 | 6537
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for corresponding data (Table S20t) and non-aggregated data (Tables S14 and S15+).

impacts of rPET within the standard deviation range of vPET.
For natural resources, all sensitivity cases fall within the vPET
uncertainty range. Several scenarios linked to process yield -
particularly rTPA recovery and sorting phase yield - have
inverted results in this figure because their calculated lifetimes
(e.g., 99% and 69% sorting yield have L = 4.20 and 2.12,
respectively) differ from that of the base case (L = 2.81). When
compared across the raw data (pre-systems expansion), 99%
sorting phase yield results in natural environment, natural
resources, and human health scores of 4.71, 1.99, and 3.88,
respectively, which closely match the rTPA results. Note that
there is a tradeoff between energy use and sorting yields and
reaching levels beyond 99% would likely increase environ-
mental impacts due to decreased energy efficiency (ie.,
increasingly complex sorting steps for minimal material gain).

Finally, a series of additional process design cases were
analyzed for the rTPA (Fig. 5A) and rPET (Fig. 5B) systems. All
cases include error bars depicting their standard deviations,
which were calculated by error propagation. Many of these
cases have overlapping error bars indicating statistical equiva-
lence; statistically distinct cases are highlighted in the follow-
ing text.

These design cases were developed in response to the high
environmental impact areas highlighted above. They examine
the process variables associated with pre-treatment (no extru-
sion or cryo-grinding of the PET flake feed), enzymatic hydro-
lysis (replacement of NaOH with ammonia), and product puri-

6538 | Green Chem., 2022, 24, 6531-6543

fication steps (no rEG recovery, no rEG or Na,SO, recovery, rEG
separation via selective membrane without distillation, and
process water recycling), as well as market-driven alterations
(100% electricity from renewable sources). We also propose a
“best” case scenario, which includes 99% sorting phase yield,
no mechanical pre-treatment, renewable electricity, 99% PET
content, 1 mg g~ " enzyme loading, 20% solids loading, 99%
depolymerization, 98% rTPA recovery, and 90% rEG recovery
with the selective membrane. Furthermore, we develop an
alternative, optimistic process model based on the “moist-
solid” system reported by Kaabel et al. (details, process sche-
matic, and inventory in Fig. S7 and Table S217).>* This case
study directly utilizes PET flake without mechanical pre-treat-
ment in the enzymatic hydrolysis reactor at a solids loading of
40% at pH 7, 55 °C, and an enzymatic loading of 30 mg g™*
PET. rTPA precipitates under these conditions and therefore
no NaOH is required for pH control (solubilized rTPA is what
causes acidification in the base case). rEG is subsequently
clarified and recovered using the same processes described in
the base case, although higher concentrations facilitate more
efficient recovery and therefore higher yields of 73%. rTPA is
solubilized in dimethyl sulfoxide (DMSO) at 80 °C and recov-
ered by crystallization (90% yield).** The DMSO is recycled by
low-pressure distillation, and solid contaminants are removed
by filtration and sent to disposal.

Case studies in which rEG and Na,SO, are not recovered
increase the environmental impacts of rTPA and rPET from a

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Overall life cycle impact scores for different enzymatic hydrolysis process design cases for (A) TPA and (B) PET. These scores incorporate
human health impact (carcinogenics, non-carcinogenics, particulates exposure, and smog), natural resources impact (fossil fuel depletion and water
use), and natural environment impact (acidification, ecotoxicity, eutrophication, global warming, and ozone depletion), with each metric normalized
on a 0-1 scale relative to the base case and summed with equal weighting. Error bars indicate the standard deviations of the total scores.

Corresponding data are available in Tables S19 and S20.}

base case overall score of 11 to 15.7 + 2.3 and 13.5 * 2.5,
respectively, due to the loss of the credits associated with co-
product generation. For rTPA, this increase relative to the base
case is statistically significant. Avoiding only rEG recovery, on
the other hand, marginally decreases environmental impacts,
as the steam savings outweigh the rEG co-credits. Recovering
rEG by membrane separations rather than distillation
improves the overall environmental scores to 10.1 + 1.7 for
I'TPA and 10.5 + 2.1 for rPET due to a 17% decrease in steam
use and an increase in rEG recovery from 50% to ~90%.
Recycling process water back through the depolymerization
reactor instead of sending it to waste disposal also decreases
impacts to 10.5 + 1.5 and 10.6 + 2.1 for rTPA and rPET, respect-
ively. This is due to a reduction in steam (—6%), process water
(—69%), and wastewater, as well as a slight increase in rEG and
Na,SO, recovery. Utilizing a different base for pH control
(ammonia rather than NaOH) reduces impacts to 8.3 + 1.7 for
I'TPA and 9.6 = 1.8 for rPET. The lower environmental effects
of ammonia, lower quantity of ammonia required to neutralize
the reactor (in comparison to NaOH on a weight basis), and
higher credits from the ammonium sulfate co-product counter-
act the higher steam and cooling water usage (1.6x and 1.2x
base case values) required for this process design.

Utilization of renewable sources for electricity can play a
major role given that enzymatic hydrolysis is a relatively electri-
city-intensive process (1.76 kW h kg.rps~'). Exchanging the
current electricity grid mix with a 100% renewables option
decreases the impacts of rTPA and rPET by 24-26%; the same
switch yields a 9% decrease in vIPA impacts and 28% for
VPET. Over 90% of process electricity requirements originate
from mechanical pre-treatment of the PET flake to produce
amorphized powder. Bypassing this step thus reduces the
overall impact scores of rTPA and rPET to 9.0 + 1.6 and 10.0 +
1.9, respectively. For the rTPA system boundary, these scores

This journal is © The Royal Society of Chemistry 2022

remain statistically higher than that of vITPA. Upon expansion
to the entire rPET life cycle, however, the scores become stat-
istically equivalent to that of vPET, suggesting that enzymatic
hydrolysis could already be a competitive alternative to virgin
polymer production.

The “best” case scenario offers the most substantial improve-
ment, with overall scores of 3.6 + 1.7 for rTPA and 5.8 + 1.9 for
rPET in comparison to 3.5 + 1.6 for vTPA and 8.3 + 2.5 for vPET
(i.e., the virgin materials and “best” recycled materials are stat-
istically equivalent). It is thus essential to incorporate improve-
ments at all stages of the recycling process, from feedstock
preparation to enzymatic hydrolysis itself to product recovery,
which will be discussed in the following section.

There are also opportunities to develop enzymatic processes
that fundamentally diverge from our base case. The “moist-
solid” system offers overall scores of 5.7 + 1.4 and 8.3 + 1.8 for
r'TPA and rPET, respectively; these values decrease slightly to
5.6 + 1.4 and 6.3 + 1.7 when renewable electricity is used (stat-
istically equivalent to vIPA and VvPET). The reduction in
environmental impacts for the “moist-solid” system in com-
parison to the base case — which ranges from a minimum of
—13% for ecotoxicity to a maximum of —68% for particulates
exposure (Fig. 6, Table S22t) - is due to several interconnected
factors. First, electricity is reduced to 0.12 kW h kg™" rTPA
through the removal of mechanical pre-treatment, contribut-
ing less than 8% to all impact metrics. Second, the high ratio
of PET to water leads to precipitation of rTPA, which elimin-
ates NaOH use for pH control and facilitates rTPA extraction
with (recyclable) DMSO (<6% contribution to all impacts). The
low water loading also results in a concentrated rEG stream,
which can be more efficiently distilled for higher rEG recovery
(73%) with lower steam consumption (—12%). Tradeoffs in
this case include high enzyme loadings (30 mg g™" PET, 6x
higher than the base case, 3-20% contribution to all impacts)

Green Chem., 2022, 24, 6531-6543 | 6539
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(A) Life cycle impacts of “moist-solid” rTPA (blue) and VTPA (orange). (B) Contribution of different process components to the environmental

impacts of moist-solid rTPA. (C) Life cycle impacts of "moist-solid" rPET (blue) and vPET (orange). The rPET values are lifetime normalized according
to the procedure described in the Methods section. (D) Contribution of different process components to the environmental impacts of moist-solid
rPET. Some impact categories in (A) and (C) are multiplied by a conversion factor listed on the left sides of the graphs for visual clarity. The lowest
values for each impact category are labelled. Corresponding data are available in Tables S9, S13, S14, and S22.}

and the potential for lower extents of PET depolymerization in
line with the study from Kaabel et al>*> The high enzyme
loading also results in an increased MSP of $2.18 kgyrpa " in
comparison to the base case at $1.93 kg.rp,~ " (Tables S23 and
S247).

Research recommendations

Based on this LCA, we propose a series of areas and targets for
researchers interested in developing more environmentally
friendly enzymatic PET hydrolysis processes (Fig. 7).

First, process yields (quantity of product per quantity of
post-consumer PET) must be improved. We estimate that a
baseline target of >70% should enable overall environmental
impacts of rPET to be lower than those of vPET. The sensitivity
analyses in Fig. 3-5 - as well as in our previous TEA study®” -
showed that parameters associated with material loss (sorting
yield, feedstock purity, PET solids loading, PET depolymeriza-
tion extent, and rEG and rTPA recovery) have a major role in

6540 | Green Chem., 2022, 24, 6531-6543

reducing environmental impacts by both lowering the utilities
required per unit of product and reducing the quantity of
process waste for disposal. Research on this topic should focus
not only on improving the efficiency of the enzymatic hydro-
lysis phase, but also on that of the essential surrounding
systems for feedstock preparation and product recovery. For
example, the rPET base case scenario studied here has a yield
of 56% (calculated by multiplying 90% sorting yield, 93%
flake, 95% pre-treatment, 90% depolymerization, 79% overall
monomer, and 99% repolymerization). Enhancing depolymeri-
zation efficiency to 99% results in an overall rPET yield of
62%. Incorporating further adjustments into the pre-treatment
and product recovery stages, such as in the “best” case scen-
ario, can increase this value to 93%, which significantly
decreases the overall environmental impacts of the technology
(compare to vPET synthesis yield of ~99%).>' Improved sorting
technologies — which would benefit the waste management
system in general — as well as novel monomer recovery tech-
niques - selective membranes rather than energy-intensive dis-
tillation for EG or in situ product recovery for TPA — will be

This journal is © The Royal Society of Chemistry 2022
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crucial for meeting these goals. A holistic view of process
efficiency would also be beneficial, for instance, by immobiliz-
ing enzymes on a support for facile reuse, or recycling waste-
water back through the depolymerization process to lower
water consumption and minimize waste production.

Second, more versatile enzymes and enzyme cocktails
would be advantageous. Removing mechanical pre-treatment
and increasing solids loading can markedly lower the environ-
mental impacts of enzymatic PET hydrolysis but implementing
these process changes requires research into enzyme substrate
selectivity and performance. Enzymes that are able to
tolerate high substrate loading and operate efficiently on
crystalline, flake-sized PET would be a major enabling
breakthrough.*?**>¢ Under this scenario, it may be possible
to eliminate certain sorting or flaking steps, further reducing
environmental impacts. The ability of enzymes to tolerate
contaminated PET feedstocks should therefore be more
thoroughly characterized as well.

There is also room for additional enabling innovations. For
example, processes would benefit from a significant reduction
in base consumption, which when modeled as NaOH accounts
for 11-57% of the impacts in eight of the eleven assessed cat-
egories. NaOH is used primarily to regulate the pH of the
depolymerization reactor, which is acidified as rTPA is released
from PET. Reducing the operating pH to 5 only decreases NaOH
consumption by 4% due to the pK,s of TPA (3.51 and 4.82).
Decreasing the pH further results in the precipitation of rTPA,
which can be challenging to separate from unreacted PET
powder and enzyme. Addressing this issue requires several
changes to the overall system, as highlighted in the “moist-
solid” case study. The “moist-solid” case utilized high PET flake
loadings and operating conditions that facilitated rTPA precipi-

This journal is © The Royal Society of Chemistry 2022

tation, thereby removing the need for pH control while also
enabling facile rTPA recovery and purification in DMSO. While
we do assume higher monomer yields than reported in the pub-
lication (90% vs. 49% rTPA),*” this target should be obtainable
through enzyme selection and engineering. Our analysis
suggests that this system offers one route towards more environ-
mentally friendly enzymatic PET recycling. Other alternatives
include replacing NaOH with more environmentally benign
(e.g., ammonia) or recoverable bases, as well as using enzymes
that operate effectively without pH control or can tolerate
organic solvents that enable in situ product recovery.

While many of these research suggestions overlap with
those previously proposed to lower the MSP of rTPA, this LCA
highlights the need to minimize consumables (water, steam,
electricity, NaOH) and waste streams (wastewater, solid waste)
that are relatively inexpensive from an economic perspective
but costly from an environmental standpoint. A combination
of process innovation (enzyme design, yields, and product sep-
arations) and industry-wide improvements (renewable electri-
city sources and steam from bio-methane rather than fossil
fuels) will undoubtedly be beneficial. It should also be noted
that our analysis does not include the learning-by-doing effect,
through which efficiencies would be expected to improve orga-
nically over time.

Conclusions

LCA is a valuable tool for estimating the environmental
impacts of emerging technologies and identifying key areas for
improvement prior to their implementation at-scale. Here, we
utilize our previously developed process model®” to investigate
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the life cycle impacts of an enzymatic hydrolysis technology for
recycling PET. The LCA shows that enzymatic hydrolysis is cur-
rently outperformed by virgin PET across most of the assessed
natural environment, natural resources, and human health cat-
egories. However, there is significant opportunity for improve-
ment. We identified sodium hydroxide, electricity, and shred-
ding of PET into flake as the top contributors to each impact
category and utilized this information to design a series of sen-
sitivity cases focused on different aspects of the enzymatic
hydrolysis process. Decreasing material losses across all
process phases, as well as bypassing mechanical pre-treat-
ment, minimizing waste streams, employing alternative
product recovery techniques, and utilizing renewable electricity
sources were all shown to be crucial steps towards reducing
the life cycle impacts of the technology. Combining several of
these suggestions in the “best” case scenario or the recently
proposed “moist-solid” process®* offers a potential route
towards improved environmental impacts and simultaneous
promotion of polymer circularity. This study highlights that
while enzymatic PET recycling is not currently more environ-
mentally friendly than virgin polyester, there are significant
opportunities for research innovation that could improve its
feasibility for application at scale.
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